Abstract. Aplasia Ras homologue member Ⅰ (ARHI), an imprinted tumor-suppressor gene, is downregulated in various types of cancer. However, the expression, function and specific mechanisms of ARHI in human osteosarcoma (OS) cells remain unclear. The aim of the present study was to assess the effect of ARHI on OS cell proliferation and apoptosis and its associated mechanism. In the study, ARHI mRNA and protein levels were markedly downregulated in OS cells compared with the human osteoblast precursor cell line hFOB1.19. By generating stable transfectants, ARHI was overexpressed in OS cells that had low levels of ARHI. Overexpression of ARHI inhibited cell viability and proliferation and induced apoptosis. However, caspase-3 activity was not changed by ARHI overexpression. In addition, phosphorylated Akt protein expression decreased in the ARHI overexpression group compared to that in the control vector group. The knockdown of ARHI also resulted in the promotion of cell proliferation and the attenuation of apoptosis in MG-63 cells. Additionally, ARHI silencing increased the level of p-Akt. The present results indicate that ARHI inhibits OS cell proliferation and may have a key role in the development of OS.
Introduction
Osteosarcoma (OS), the most common primary malignant solid bone tumor, is the second leading cause of cancer-related fatality in children and young adults (1) (2) (3) . OS are high-grade aggressive tumors that comprise ~20% of all primary bone cancers and 2.4% of all malignancies in pediatric patients (4, 5) . Currently, although several conventional therapies are offered for the clinical treatment of OS, such as radiation, chemotherapy, surgical resection, or combinations of chemotherapy and radiation, therapeutic outcomes for OS are not satisfactory (6) . Evidence suggests that the therapeutic options for OS have not improved over the past four decades (7, 8) ; thus, novel approaches to OS are required. Efforts to identify new genes and signaling pathways that affect tumor progress have suggested that the aplasia Ras homologue member Ⅰ (ARHI) gene (also known as DIRAS3) has a crucial role in numerous types of cancer, such as breast cancer (9, 10) , ovarian cancer (11, 12) , hepatocellular carcinoma (13) , lung cancer (14) and glioma (15) . Additionally, it has been reported that the ARHI protein is downregulated in multiple myeloma endothelial cells and is involved in proliferation and signal transduction in these cells (16) . However, the specific functions of ARHI in the progression of OS remain unclear.
ARHI, a newly discovered, maternally endogenous imprinted tumor-suppressor gene, is a 26-kDa small GTP-bind ing protein-encoding gene that is located on human chromosome 1p31 (17) . Although ARHI is a member of the Ras superfamily and shares 60% homology with Ras and Rap, it has been identified as a tumor-suppressor gene that suppresses tumor cell growth (18) . ARHI has attracted increasing attention in tumor research since evidence was reported indicating that ARHI could inhibit tumor cell proliferation (19) . Accumulating evidence has shown that ARHI has an important role in the occurrence, metastasis, invasion and development of cancers (20) (21) (22) . In addition, numerous types of cancer have low or absent levels of ARHI (23, 24) . Increased expression of ARHI in pancreatic cancer cells can inhibit cell proliferation by acting on cell cycle genes (19, 21, 25) . It is now well established that ARHI is most highly expressed in normal breast and ovarian tissues, whereas the ARHI level in breast and ovarian cancer is significantly reduced (17, 26) . Another study also demonstrated that high levels of ARHI inhibit tumor growth and angiogenesis in hepatocellular carcinoma (27) .
Although ARHI has a number of positive effects in numerous types of tumor, it remains to be established whether ARHI is expressed in OS cells, and whether ARHI overexpression is associated with cell growth and apoptosis. The present study shows for the first time that overexpression of the ARHI gene induced by cellular transfection significantly curbs the growth of OS cells and induces cell apoptosis. ARHI overexpression inhibits OS cell proliferation and induces cell apoptosis through the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway. Additionally, the study provides evidence that ARHI could serve as a target for OS and upregulation of ARHI may be a useful method in treating OS in humans.
Materials and methods
Antibodies. Mouse anti-ARHI monoclonal antibody (ab45768), mouse anti-β-actin monoclonal antibody (ab6276) and horseradish peroxidase (HRP)-conjugated rabbit anti-mouse immunoglobulin G (IgG; ab6728) were all obtained from Abcam (Cambridge, MA, USA).
Cell culture and transfection. Three human OS cell lines, MG-63, U2OS and SAOS-2, were used in the study. All the cell lines were obtained from the American Type Culture Collection (Rockville, MD, USA). All the OS cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Mediatech, Inc., Herndon, VA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco-BRL, Gaithersburg, MD, USA) in a humidified atmosphere at 37˚C supplemented with 5% CO 2 . The human osteoblast precursor cell line hFOB1.19 was cultured in DMEM/F12 medium supplemented with 10% FBS at 37˚C supplemented with 5% CO 2 . Cells in the exponential growth phase were used in the study. Cell transfection was performed with either human ARHI cDNA (pcDNA3.1-ARHI) or the control vector pcDNA3.1 using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions. The cells transfected with pcDNA3.1-ARHI were harvested and measured by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis.
Cell viability. MG-63, U2OS and SAOS-2 cell viability was assessed by the trypan blue exclusion assay, as previously described with minor modifications (28) . Briefly, transfected cells and control cells were seeded at 2x10 4 cells/well on 96-well plates using DMEM and were incubated for different periods of time (0, 24, 48, 72 and 96 h). Cells were subsequently stained with trypan blue (40 µl; Sigma, St. Louis, MO, USA) and counted using a light microscope.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
. MG-63 cells were transfected as described above and seeded at 2x10 4 cells/well on 24-well plates. After culturing for 72 h, the live cells were measured using a cell proliferation MTT kit (Chemicon International, Inc., Temecula, CA, USA) by measuring MTT cleavage of active mitochondria, according to the manufacturer's instructions.
Flow cytometric analysis of apoptosis. MG-63 cell apoptosis was analyzed using flow cytometry (Beckman Coulter, Inc., Brea, CA, USA). Briefly, 2x10 4 cells/well were seeded in 96-well plates. Cells were incubated with Annexin V and propidium iodide (PI) for 20 min at room temperature. Apoptotic MG-63 cells were subsequently detected by flow cytometry.
Total RNA extraction and RT-qPCR. The RNA extraction and RT-qPCR procedure were performed as previously described (29, 30) . Briefly, total RNA was extracted from OS cells using the TRIzol ® reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. RT-qPCR was carried out using the SYBR-Green ReadyMix on an ABI PRISM 7000 Sequence Detection system (both from Applied Biosystems, Foster City, CA, USA). The primer sequences (13) used for RT-qPCR were as follows: ARHI forward, 5'-CAGCTGGTTTCTTACCACGTAT-3' and reverse, 5'-GCACAAGTTCTCCCACACTTAG-3'; and β-actin forward, 5'-TCACCCACACTGTGCCCATCTACGA-3' and reverse, 5'-CAGCGGAACCGCTCATTGCCAATGG-3'. The primers used were all synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Relative expression of the ARHI gene was calculated using the 2 -ΔΔCT method (31) . The level of β-actin mRNA was used as the internal control.
Western blot analysis. ARHI protein expression in OS cells was determined according to a previously described method with minor modifications (15) . Total protein was isolated from each group of OS cells using radioimmunoprecipitation assay lysis buffer, and the protein concentration was determined using a bicinchoninic acid assay kit (Beyotime, Jiangsu, China). Protein samples (20 µg/lane) were separated by 10% SDS-PAGE and electrophoretically transferred to nitrocellulose membranes. After blocking overnight at 4˚C with 5% skimmed milk, the resulting blots were first probed with mouse anti-ARHI antibody (1:1,000), and subsequently with HRP-conjugated rabbit anti-mouse IgG (1:4,000), followed by detection using the ECL reagent (Boehringer Mannheim GmbH, Mannheim, Germany).
Small interfering RNA (siRNA) transfection. OS MG-63 cells with the ARHI protein were transfected with ARHI siRNA (siARHI) or the control siRNA (siMock) using the DharmaFECT 4 Transfection reagent (GE Dharmacon, Lafayette, CO, USA), as previously described (20, 32) . Briefly, 100 nM of the siRNA mixture with transfection reagents was co-incubated at room temperature for 20 min. Subsequently, the mixture was added to MG-63 cells for 48 h. The cells were harvested and the measurement of mRNA and protein expression was performed by RT-qPCR and western blot analysis, respectively. siARHI-and siMock-transfected cells were used for further studies.
Caspase-3 activity assay. The activity of caspase-3 in OS MG-63 cells was assayed using the Caspase-Glo ® 3/7 assay (Promega Corp., Madison, WI, USA) according to the manufacturer's instructions (33) . Briefly, MG-63 cells were seeded in 24-well plates and were subsequently treated with the Caspase-Glo ® 3/7 reagent (50 ml) for 30 min. Luminescence was measured on a TECAN GENios Pro microplate reader. Caspase activity was measured after 72 h for cells treated with Ad-ARHI and after 48 h for cells treated with siARHI.
Statistical analysis. The data were analyzed using SPSS 13.0 statistical analysis software (SPSS, Inc., Chicago, IL, USA). The differences between two groups were compared by Dunnett's test. P<0.05 was considered to indicate a statistically significant difference.
Results

ARHI mRNA and protein expression is markedly decreased in OS cell lines.
The evidence indicates that the expression of ARHI is reduced in numerous types of cancer and a high level of ARHI inhibits tumor growth (13); however, the level and the function of ARHI in OS remain unclear. Whether ARHI also has a role in OS cell growth was determined. As a result of the RT-qPCR and western blot analysis on the three OS cell lines, MG-63, U2OS and SAOS-2, the data show that the expression of ARHI was markedly decreased compared with the human osteoblast precursor hFOB1.19 (P<0.05; Fig. 1 ).
Overexpression of ARHI inhibits cell viability and proliferation. In order to assess the effects of ARHI on OS cell viability and cell growth, stable upregulation of ARHI in the OS cell lines, MG-63, U2OS and SAOS-2, using pcDNA3.1-ARHI was constructed. RT-qPCR and western blot analysis results showed that the level of ARHI mRNA and protein in the three OS cell lines transfected with Ad-ARHI were much higher compared with the control group 72 h later (P<0.05) ( Fig. 2A and B) , whereas ARHI expression was not significantly different between the Ad-Mock group and the control group (P>0.05) ( Fig. 2A and B) . The mRNA and protein expression were also upregulated in MG-63, U2OS and SAOS-2 cells transfected with pcDNA3.1-ARHI for 24, 48 and 96 h (data not shown).
Overexpression of ARHI inhibits cell viability and proliferation.
To determine the effect of ARHI overexpression on the viability of OS cells, the trypan blue exclusion assay was performed on all the groups at various post-transfection time-points. The results show that Ad-AHRI-expressing MG-63, U2OS and SAOS-2 cell viability was significantly lower compared with the respective cells in the Ad-Mock and control groups (P<0.05; Fig. 3A-C) .
Subsequently, the effect of ARHI overexpression for 72 h on the growth of MG-63, U2OS and SAOS-2 cells was determined by the MTT method. The results indicate that the growth of Ad-AHRI-expressing MG-63, U2OS and SAOS-2 cells was markedly decreased compared to the respective cells in the control groups (P<0.05; Fig. 3D-F) . However, no significant effects were observed in cells treated with Ad-Mock (Fig. 3D-F) . These results suggest that ARHI overexpression significantly inhibits the viability and growth of OS cells. 
Effect of ARHI overexpression on MG-63 cell apoptosis.
To further determine the mechanism by which ARHI contributes to reduced survival in OS cells, the effect of ARHI on MG-63 cell apoptosis was assessed by flow cytometric analysis. The results indicate that the rate of apoptosis was significantly higher with ARHI overexpression compared with the control group (P<0.05; Fig. 4A and B) , whereas there was no evident difference between the Ad-Mock group and the control group (P>0.05; Fig. 4A and B) . A total of 4.2% apoptotic cells in the control group, and 4.3 and 29.7% apoptotic cells were observed in the Ad-ARHI and Ad-Mock group, respectively. Subsequently, the activity of caspase-3 was determined in the Ad-ARHI, Ad-Mock and control groups by the Caspase-Glo ® 3/7 assay. As shown in Fig. 4C , the activity of caspase-3 had no significantly change in the Ad-ARHI group compared with the Ad-Mock and control groups (P>0.05). 
Specific inhibition of ARHI expression by ARHI-specific siRNA.
To further examine the role of ARHI in OS cell growth, Ad-AHRI-expressing MG-63 cells were transfected with siARHI or control siRNA (siMock). RT-qPCR and western blot analysis showed that the mRNA and protein expression of ARHI in the siARHI-transfected cells was markedly lower compared with the siMock and control groups (Fig. 5A and B) . Transfection of siARHI evidently suppressed the proliferation of MG-63 cells (Fig. 5C ). In addition, transfection of siARHI also significantly inhibited MG-63 cell apoptosis (Fig. 5D) . To study the effect of siARHI on the activity of caspase-3 in Ad-AHRI-expressing MG-63 cells, the Caspase-Glo ® 3/7 assay was performed. The results indicate that transfection with siARHI did not affect caspase-3 activity. There was also no clear effect in the siMock group (Fig. 5E) .
Overexpression of ARHI is directly associated with the inhibition of the cell survival pathway PI3K/Akt. Evidence shows that the PI3K/Akt signaling pathway is closely correlated with cancer cell biology, including OS (34, 35) . In addition, Lu et al (36) showed that ARHI inhibits the PI3K/Akt signaling pathway in ovarian cancer cells. Thus, the effects of ARHI overexpression on the PI3K/Akt signaling cascade in MG-63 cells were examined. The results suggest that after Ad-ARHI was transfected into the OS cell line MG-63 for 72 h, the expression level of p-Akt was markedly reduced in the Ad-ARHI group when compared with the levels in the Ad-Mock and control groups (Fig. 6 ). Notably, ablating the level of ARHI by siARHI markedly increased the activity of p-Akt compared with the Ad-ARHI group; however, the control siRNA showed no apparent difference (Fig. 6) .
Discussion
Emerging studies have revealed that the identification of the specific target gene involved in tumorigenesis could provide valuable insight into the diagnosis and therapy of human malignancies (37) . ARHI, a newly discovered, maternally imprinted tumor-suppressor gene, has been previously demonstrated to have an impact on growth, apoptosis, invasion, metastasis and tumor development in numerous types of cancers (26, 38) . ARHI has been found to be reduced or absent in numerous tumors, while high expression of ARHI results in decreased cell proliferation, mainly through the induction of cell cycle-related genes (23, 26) . The present study indicates that ARHI expression was reduced in the OS cell lines MG-63, U2OS and SAOS-2 compared to the human osteoblast precursor hFOB1.19 cell line (Fig. 1) . ARHI overexpression was also shown to suppress cell viability and proliferation in these three OS cell lines (Fig. 2) . In addition, ablating the expression of ARHI by siARHI significantly inhibited the growth of MG-63 cells (Fig. 4) . Taken together, these results suggest that ARHI may act as a tumor-suppressor gene with an important role in the progression of OS. However, its roles in vivo require further study.
Increasing evidence has suggested that a high level of ARHI could lead to cancer cell apoptosis (14) . It has been shown in other studies that significant overexpression of ARHI using an adenovirus vector induces caspase-independent apoptosis in ovarian and breast cancer cells (39) . In the present study, Annexin V and PI staining indicated that the ARHI-expressing group had a significantly higher incidence of apoptosis compared with the Ad-Mock and control groups, and there was no apparent difference between the latter two groups (Fig. 3) . In addition, knockdown of ARHI markedly suppressed MG-63 cell apoptosis in the ARHI-expressing group (Fig. 4) . The effect of ARHI overexpression on the activity of caspase-3 was measured by the Caspase-Glo ® 3/7 assay. The results revealed that there was no clear difference between the Ad-ARHI, Ad-Mock and control groups; these results are consistent with those reported in the literature (39) . These results indicate that ARHI-induced MG-63 cell apoptosis is independent of the caspase pathway; however, the specific mechanism of ARHI-induced apoptosis requires further study.
Numerous studies have established that ARHI induces tumor cell apoptosis, and excessive autophagy is closely associated with the PI3K/Akt signaling pathway (12, 36) . In addition, the cell survival pathway PI3K/Akt has been implicated in tumor cell growth (40) . In the present study, the findings indicate that overexpression of ARHI upregulated the expression of p-Akt in OS MG-63 cells, whereas knockdown of ARHI reduced the expression of p-Akt in these cells, suggesting that ARHI may be indicated in the progression of OS via regulation of the PI3K/Akt pathway.
Taken together, there is a low level of ARHI in the OS cell lines. Overexpression of ARHI inhibited OS cell growth, induced cell apoptosis and suppressed PI3K/Akt signaling pathway activation. These results suggest that upregulation of ARHI expression is correlated with OS cell growth inhibition through inhibition of the PI3K/Akt pathway, and knockdown of ARHI promotes the growth of OS cells, suggesting that upregulation of ARHI may serve as a novel potential therapeutic target for the prevention and treatment of OS.
